The objective of this work was to evaluate the semi-continuous post-treatment of anaerobicallypre-treated weak black liquor (anaerobic effluent, AnE) by aerobic post-treatment using hybrid pellets of Trametes versicolor. The latter consisted of fungus immobilized onto holm oak sawdust (mixed or double pellets) or a mixture of holm oak sawdust and powdered activated carbon (triple pellets). First, a semicontinuous experiment was run to compare the effectiveness of triple and mixed pellets in agitated flasks for 15 cycles of 7 days each. A second extended batch test was implemented with 500 mL AnE and triple pellets to give 400 mg fungal biomass; some units were spiked with protease inhibitor. In the first experiment, triple pellets displayed consistently higher removal efficiencies of pollutant parameters than double pellets (10 to 15% higher), although overall averages were moderate and no statistical significance to the difference could be set because of the noise of fluctuations. Periodic fluctuations of removal were characterized by three periods of approximately six cycles each with maximum removals occurring at cycles 3-4, 7-9, 13, and 14. Evaluating pooled removals of the latter cycles showed that triple pellets were significantly more effective than double pellets, with removal efficiencies as high as 47% of COD, colour, and absorbance at 254 nm (A 254 ). In general, protease activity seemed to increase in the third period (last six cycles), whereas activities of MnP, LiP and Lac significantly decreased. In the second experiment, pollutant removals and enzymatic activities of triple pellets with protease inhibitor were significantly higher than those of units without added protease inhibitor. These results indicate that protease could be the main cause of periodic falls of pollutant removal efficiencies found in the first experiment.
Introduction
The Mexican pulp and paper industry (PPI) manufactures ca. 700,000 tonnes of pulp/yr and 2,900,000 tonnes of paper/yr. Approximately half of the pulp production is made by the process Kraft. Nearly 60% of the Kraft mills are non-integrated factories, i.e. they manufacture non-blanched pulp (CNICP, 1993; Poggi-Varaldo, 1994a ). The PPI discharges approximately 100 million m3/yr of wastewater, which represents approximately 12% of the annual industrial discharges, and the sector holds the second position in the ranking of main water industrial polluters in México (Poggi-Varaldo, 1994b; Ortega-Clemente et al., 2004) . Currently, the PPI is facing more stringent standards for wastewater discharges and associated permits.
Application of anaerobic treatment to the forest industry effluents has noticeably increased in the last twenty years. This technology, particularly anaerobic reactors using the immobilized biomass, offers clear advantages over aerobic and physical-chemical treatment processes (Poggi-Varaldo et al., 1990; Lettinga et al., 1991; Ali and Sreekrishnan, 2001) . One of the most challenging issues has been the treatment of the wastewaters polluted by spent pulping liquors. These effluents are quite toxic to aquatic fauna and microbes and contain considerable amounts of recalcitrant organic matter (Poggi-Varaldo, 1994a; Ali and Sreekrishnan, 2001; Gonzalez-Serrano et al., 2004) . Black liquor spills are the main water pollutant in Mexican, non-integrated Kraft pulp mills. Previous work demonstrated that soda pulping liquor and wastewaters were very recalcitrant and toxic to anaerobic consortia Ortega-Clemente et al., 2004) . Research by our Group has shown the feasibility of the anaerobic treatment of wastewaters contaminated with Kraft black liquors and other PPI wastewaters in methanogenic, mesophilic fluidized bed reactors (Poggi-Varaldo and Rinderknecht-Seijas, 1996; Ortega-Clemente et al., 2004) . However, half of the organic matter in the effluent is still recalcitrant to both anaerobic and aerobic bacterial post-treatment (activated sludge, rotating biological disks). It is well known that fungi belonging to the Basidiomycete are microorganisms with a demonstrated capability for degrading lignin and its derivatives using a powerful and diverse group of enzymes (Coll et al., 1993; Wolfaardt et al., 2004; Royer et al., 1985; Bourbonnais et al., 1995; Machii et al., 2004) . On the other hand, immobilization has been a recognized method for achieving long term microbial activity and improving bioreactor performance and control (Klein and Vorlop, 1985) . Batch post-treatment of anaerobically-treated wastewater contaminated with black liquor using Lentinus edodes immobilized in calcium alginate beads showed promise for removing COD, colour and compounds that absorb at 254 nm from the anaerobic effluent (Estrada-Vázquez et al., 1998) . Also, Ortega-Clemente et al. (2004) showed that continuous post-treatment of anaerobic effluent from dilute Kraft liquor in a fungal packed bed reactor loaded with Trametes versicolor immobilized on small cubes of holm-oak wood could remove a further 69, 54, and 32% of colour, compounds that absorb at 254 nm, and chemical oxygen demand, respectively.
Yet, the challenge to achieve a sustained removal activity and to save costs by avoiding supplementation of glucose or other expensive carbohydrates in the fungal post-treatment still remains. Thus, the objective of this work was to evaluate the semi-continuous post-treatment of anaerobically-pretreated weak black liquor (anaerobic effluent, AnE) by aerobic post-treatment using hybrid pellets of Trametes versicolor. The latter consisted of fungus immobilized onto holm oak sawdust (mixed pellets) or a mixture of holm oak sawdust and powdered activated carbon (triple pellets).
Materials and methods
Organism and culture conditions A strain of Trametes versicolor (CDBB-h-1051) from the Culture Collection of CINVESTAV was used. This strain was kindly donated to CINVESTAV by Dr. Ian Reid, Paprican, Canada. The strain was propagated in Petri dishes with potato-dextrose agar (PDA). Petri dishes were incubated at 28 8C for 7 days; once the agar was covered by mycelium growth it was cut into 5 mm side squares that were used for inoculation of tilted tubes containing PDA. Tubes were also incubated at 28 8C for 7 days. Afterwards, each tube was rinsed with 3 mL sterile distilled water for mycelium separation, and this liquid was inoculated to Erlenmeyer flasks loaded with malt extract and further incubated at 28 8C and 100 rpm for 7 days. Induction of ligninolytic enzyme of the fungus was carried out by harvesting the fungus from the growth flasks and inoculated into flasks containing mycological medium (MM), and incubated at 28 8C, 100 rpm for 7 days (Ortega-Clemente et al., 2004) .
Biocatalyst (hybrid pellets) preparation
Two types of hybrid pellets were prepared: double (mycelium immobilized on sawdust) and triple (mycelium immobilized on a mixture of oak holm sawdust and powdered activated carbon). Double pellets were prepared by mixing 30/30 mg dry basis of sawdust/mycelium whereas for triple pellets a mixture of 15/15/30 mg dry basis of sawdust/powdered activated carbon/mycelium was mixed in Erlenmeyer flasks loaded with 100 mL of a sterile culture medium containing (in g/L) glucose: 10, soy peptone: 5; K 2 HPO 4 : 1, MgSO 4. 7H 2 O: 0.5, NaCl: 0.3, NH 4 Cl: 1, CaCl 2. 2H 2 O: 0.1, thiamine. HCl: 0.02. The flasks were incubated for 10 days at 28 8C, 100 rpm. In this way, nearly an average of 40 pellets of average 5 mm diameter were obtained in each flask among pellets of other sizes. Average size of sawdust and powdered activated particles was 250 mm.
Semi-continuous treatment of anaerobic effluent with hybrid pellets
The experiments were carried out according to a simple statistical experimental design where the main factor was the type of hybrid pellet. Two types of hybrid pellets were tested: double and triple. Duplicate Erlenmeyer flasks containing 50 mL of sterile AnE conditioned to pH 4.5 and 3 pellets were incubated in a semi-continuous fashion for 15 cycles, at 28 8C and 100 rpm. Each cycle lasted 7 days. At the beginning of each cycle, post-treated AnE was withdrawn and replaced with new conditioned AnE; the pellets remained. Control units were subjected to a similar treatment, except that pellets were tyndalized in order to ensure sterility. The influent for these tests was AnE from anaerobic pre-treatment of dilute liquor (Ortega-Clemente et al., 2004) .
Extended batch treatment of anaerobic effluent with triple pellets
A batch test lasting 28 days was performed using 20 triple pellets in 2 L Erlenmeyer flasks containing 500 mL of AnE. Three units were spiked with 10 mL of 0.1 g/L protease inhibitor phenylmethanesulfonyl fluoride, three units were run without protease inhibitor, and two other units were tyndalized and spiked with 500 mg/L sodium azide.
Analyses
Influent and effluents were analyzed for chemical oxygen demand (COD), the analyses were performed according to the Standard Methods (1985) . Colour was determined by spectrophotometry at a wavelength of 436 nm (visible). Compounds that absorb at 254 nm (lignin derivatives, lignin fragments, resin acids and transformed compounds, and other extractives) were determined by spectrophotometry at 254 nm (UV); they received the generic denomination of A 254 . A 1 cm width quartz cuvette was used; absorbance was measured after previous dilution down to an absorbance value nearly 0.3. Sample pH was adjusted to 7.0 with 1 mL of a phosphate buffer; this buffer contained 305 mL of Na 2 HPO 4 0.2 mol L 21 and 195 mL of NaH 2 PO 4 0.2 mol L 21 in a 1000 mL total volume.
Lignin peroxidase activity was assessed spectrophotometrically (l ¼ 310 nm) according to the method of Tien and Kirk (1985) at room temperature with veratryl alcohol as substrate. One unit U of enzyme activity was defined as 1 mmole of veratryl aldehyde formed per minute, at pH 3. Manganese peroxidase activity was determined spectrophotometrically (l ¼ 610 nm) at room temperature with phenol red as substrate according to the procedures of Paszczynski et al., (1996) . Laccase activity was determined by oxidation of ABTS. Oxidation of ABTS was monitored by determining the increase in absorbance at 420 nm (e420 ¼ 3.6 £ 10 4 mol 21 L cm 21 ) according to the procedures of Barbosa et al. (1996) . Protease activity was measured with Azocasein (Sigma) as the substrate (Dosoretz et al., 1990) . Samples were incubated with 30 mg of substrate in 50 mmol L 21 sodium acetate (pH 4.5), with periodic shaking in a tube at 37 8C for 30 min.
The unit, net removal efficiencies (h un ) of colour, A 254 and chemical oxygen demand (COD) were calculated according to the Eq. (1):
The specific, unit, net removal efficiencies (h sun ) of colour, A 254 and chemical oxygen demand (COD) were calculated with Eq. (2)
where P i ¼ value of pollutant parameter in the anaerobic effluent; P e ¼ value of pollutant parameter in the post-treated effluent; P ic ¼ value of pollutant parameter in the anaerobic effluent; P ec ¼ value of pollutant parameter in the post-treated effluent; B ¼ Biomass.
The h un discounts the pollutant removal effected in the sterile control, that is, h un approximately represents the biological removal. On the other hand, h sun represents the biological removal per unit biomass of fungus present in the bioreactor, which may be useful for scale-up and for conducting comparisons among treatments containing different concentration of biomass.
Results and discussion
In semi-continuous post-treatment of AnE, triple pellets displayed consistently higher unit net removal efficiencies of COD and the other pollutant parameters than double pellets (10 to 15% higher), although overall averages were moderate and no statistical significance to the difference could be set because of the noise of fluctuations ( Figure 1 shows the COD removal efficiency in the 15 cycles of incubation, whereas Table 1 exhibits average values of 15 cycles for all pollutant parameters and enzyme activities). Periodic fluctuations of removal were characterized by three periods of approximately six cycles each with maximum removals occurring at cycles 3-4, 7-8, and 13-14. Evaluating pooled removals of the latter cycles showed that triple pellets were significantly more effective than double pellets, with removal efficiencies as high as 51% of COD, colour, and A 254 ( p , 0.01, Student comparison of means). The origin of periodic fluctuations in removal efficiencies was quite intriguing: adsorption -desorption Triple 29.01^19.14 22.81^16.75 17.32^22.28 0.00800^0.00388 0.00617^0.00366 0.00574^0.00444 0.0033^0.0005 0.0003^0.0002 0.004^0.002 0.937^0.447 Double 12.08^16.63 13.85^26.76 10.22^23.79 0.00419^0.00318 0.00567^0.00379 0.00482^0.00398 0.0021^0.0005 0.0003^0.0001 0.003^0.002 0.885^0.335 effects were unlikely since the efficiencies calculated in this work already discounted abiotic effects. Another explanation could be associated with protease activity cyclically affecting the other ligninolytic enzymes.
MnP and Laccase average values were 30% higher in units with triple pellets than in units with double pellets (Table 1) . LiP only presented activity in the first two cycles of the tests, and practically disappeared for the remainder of the experiment (data not shown). Presence of protease activity throughout all the tests was detected and values were relatively high (average nearly 1 U/mL, Table 1 ). Laccase activity of experimental units with triple pellets was moderately correlated with COD removal efficiency, whereas correlations of LiP and MnP with removal efficiency were much lower ( Table 2) . Similar correlation patterns were found for A 254 and colour removal efficiencies (data not shown). These results suggest that removal of pollutant parameters in fungal post-treatment could be mainly associated with laccase. Interestingly, but unexpectedly, laccase activity also correlated with protease activity. In fact, a negative correlation between the two was expected.
A batch extended test of anaerobic effluent post-treatment with triple pellets showed that protease activity could be responsible for lower post-treatment performance (Figure 2) . At the 4th day of incubation a peak of protease activity was found in all active units (data not shown) which correlated with deterioration of A 254 and other pollutant removal efficiencies.
Three flasks were spiked with protease inhibitor at time day 4 ( Figure 2 ) and A 254 removal efficiency recovered, whereas removals in non-spiked units remained nearly zero. On average, A 254 removal was significantly higher in units that received protease inhibitor than in units withour inhibitor (34 and 9%, respectively, Table 3 , p , 0.01 Student test of means). Similar patterns were found for COD and colour removals. In semicontinuous experiments, triple pellets displayed consistently higher removal efficiencies of pollutant parameters than double pellets (10 to 15% higher), although overall averages were moderate and no statistical significance to the difference could be set because of the noise of fluctuations. Periodic fluctuations of removal were characterized by three periods of approximately six cycles each with maximum removals occurring at cycles 3, 4, 7, 8, 9, 13, and 14 . Evaluating pooled removals of the latter cycles showed that triple pellets were significantly more effective than double pellets, with removal efficiencies as high as 47% of COD, colour, and A 254 . In general, protease activity seemed to increase in the third period (last six cycles), whereas activities of MnP, LiP and Lac significantly decreased. Fluctuating removals could be either due to intrinsic falls of metabolic effectiveness of the fungus, or swinging adsorption/desorption of pollutants onto pellets, or an increase of proteases in cultures.
In the extended batch experiment, pollutant removals and enzymatic activities of triple pellets with protease inhibitor were significantly higher than those of units without added protease inhibitor. These results indicate that protease activity could be the main cause of periodic falls of pollutant removal efficiencies found in the first experiment. A significant practical result of this work was the long term sustained pollutant removal capacity of triple pellets with no need for addition of glucose or other soluble carbohydrates. Overall, post-treatment of anaerobic effluent with triple pellets of T. versicolor seems to be promising for the removal of recalcitrant derivatives of lignin that still pollute mill wastewaters and cannot be degraded by conventional biological wastewater treatment.
